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INTRODUCTION
Control of the interaction between a robot manipulator and a workpiece is critical for successful execution of tasks where the robot's end effector must perform a contact operation on the surface of a workpiece. Representative tasks include polishing, grinding and deburring. In such cases the robot's end effector must track the workpiece contour of while applying a specified force. An essential component for successful automation of these tasks is appropriate control of both the contact force and the motion of the end effector. Even with the present state of technology in automation, many of these applications are still performed manually by (expensive) human operators. Annual deburring costs alone are currently estimated at $3.9 billion in the United States and about 10 to 30 percent of total manufacturing costs [1] . Consequently, automation of polishing, grinding and deburring operations is an active area of research.
In many applications that require contour tracking the exact geometry of the workpiece is not known. Approaches to the tracking of unknown planar contours include: iterative learning [2] , neural networks [3] and neuro-fuzzy networks [4] . A novel approach to the problem was presented in [5] . A hybrid force controller was used whereby velocity replaced position in a traditional force/position controller. The later needs a global model of the workpiece, but the former only needs local information. Another application of a force/velocity controller can be found in [6] , where it was again argued that this approach is the most appropriate for planar contour tracking applications of workpieces with unknown geometries.
Much research has been conducted on force control with electric robots [7] . By contrast, little research has been conducted on force control with pneumatic robots. This is understandable as pneumatic actuators are more difficult to control because of low bandwidth and high nonlinearity due mainly to air compressibility and Coulomb friction effects. However, relative to electrically actuated systems, pneumatic systems are cheaper and easier to maintain. This observation has led to considerable research on pneumatic servo position control [8] . Nonlinearity in force control with pneumatic actuators can be considered in two ways; one is with a detailed model based controller as in [9] and the other is non-model based controller as in [4] . Even though the experimental results for the model based controllers are better than the results for the non model based controllers, the latter avoids problems due to model uncertainties.
The hybrid force/velocity control of a pneumatic gantry robot for contour tracking with electronic proportional pressure control (PPC) valves was examined in [10] . Both experimental and simulation results were presented. The control system was structured to control the contact force and the tangential velocity simultaneously. Controller tuning and model validation results were given for a conventional fixed gain PI controller. The model was also used to demonstrate the negative effects of Coulomb friction on the tracking performance. It was determined that to improve performance, it would be necessary to compensate for the high level of Coulomb friction and the system lag.
There are numerous algorithms available to compensate for friction. The effectiveness of a particular compensation technique depends strongly on the application [11] . It is very important to consider the friction effects when pneumatic actuators are used. In some pneumatic applications with rodless cylinders, the static friction force can be up to 30% of the maximum available applied force. In motion control, anything more than 10% is considered a high friction application and acceptable performance is simply not achievable by conventional means [12] .
If a good friction model is available, it is possible to use a model based friction compensator. The friction force is estimated using the model, and a signal that offsets the estimated friction force is added to the control signal. For example, in [13] an adaptive model-based compensator was developed and the problems associated with inexact friction compensation were illustrated. In [10] a model-based friction compensator was tested for the gantry robot application. The direct control of air pressure meant that a known force could be applied for a given control signal. It was found that even with perfect friction compensation, the limiting factor was the system lag.
Various forms of system lag compensation methods have been proposed over the years [14] . Success has been reported with the use of neural networks (NN's) for lag compensation [15] . In the context of pneumatic servo control, a NN was used in [16] to compensate for the time delay and nonlinear friction effects on a 2-link pneumatic manipulator. Results showed good performance for position control with a time delay range of 0.012 to 0.12 sec. As this is the level of delay experienced with the gantry robot, the NN approach was adopted for this application.
In [17] two NN compensators were evaluated in simulation. Tracking performance was improved significantly. However, even though improvements in performance with NN compensation were significant, the effort spent in training and tuning the NN was considerable. This paper investigates the potential of improving the tracking performance by switching from PPC valves to proportional force control (PFC) valves.
DESCRIPTION OF APPARATUS
The apparatus under test is a pneumatic gantry robot, as illustrated in Fig. 1 . Technically, the robot has 3 degrees of freedom. The y-axis consists of two rodless pneumatic cylinders that form the sides of the gantry. The x-axis is a single rodless pneumatic cylinder (bore 32 mm, stroke 1 m). The x-axis cylinder acts as the bridge between the two y-axis cylinders. The z-axis is a rodded pneumatic cylinder with integral linear guides (bore 19 mm, stroke 0.1 m). The end effector on the z-axis is a 2-axis force sensor with a bearing for contact with the workpiece. The z-axis is in the same direction as the y-axis, but is available as the third degree of freedom.
The two 5 port 2 way PPC valves used in [10] and [17] were replaced with two 5 port 3 way PFC valves for the purposes of this paper. Position and velocity were measured directly with wire linked potentiometers and tachometers, respectively. The wire linkage uses a constant torsion spring and this "wire force" cannot be neglected. Pressure transducers measured the differential air pressure directly across each cylinder. Data acquisition and control was PC-based with a dSPACE ® /DSP as the data acquisition hardware/software and MATLAB/Simulink ® as the control software. Sampling time was 1 msec.
The workpiece is clamped in a horizontal orientation under the robot. Two different workpieces were used in the experiments: 1) straight edge, which could be mounted with a zero to 60 deg incline and 2) curved edge (curved workpiece seen
where x and z are the time constants that model the system lag for the x and z axes, respectively, and K is the gain of the valve. Open loop tests were conducted to obtain these coefficients. The fact that a simple first order model could be used is attributed to the inherent nature of the pressure control valve. It is important to clarify that x and z represent the overall system lag due to the time delay in each of the system components. Thus, the lag in the pneumatic gantry robot system includes: the time the valve takes to response to the command signal, the time the air takes to flow through the connecting tubes, the time the pressure takes to build up in the cylinder chamber and the time it takes for the cylinder to move in response to the increase in pressure.
Given a force balance where f a is resisted by the contact force f, the viscous friction force C f V, the Coulomb friction force F and the wire force F w , then the general dynamic equations for the system can be given as:
where M is the effective mass of the cylinder assembly and C f is the viscous friction coefficient. v and a are the velocity and acceleration, respectively.
The workpiece is considered rigid, but the force sensor is considered to behave as a semi-rigid cantilever. Thus, f n as the normal contact force is modeled by a spring-damper system with n as the spring deflection, z as the displacement of the z-axis cylinder and z w as the position of the workpiece:
where K c and C cn are the contact stiffness and damping coefficients, respectively. as the angle between the end effector and the workpiece can be obtained from:
where f t is the tangential contact force.
The values of the model coefficients were obtained by direct matching with experimental results [10] . The air pressure in each cylinder was measured. Thus, the applied f a could be obtained directly. Indirectly, the Coulomb friction could also be obtained.
Coulomb friction is traditionally modeled with constant static (F s ) and dynamic (F d ) components. The static friction opposes the movement of the body when the body is in a state of rest. Once the body is moving, dynamic friction opposes the motion. The Coulomb friction forces in the x and z cylinders were found to be 80% and 50% of the desired contact force, respectively. Given the combination of high Coulomb friction in the apparatus and the small displacement in the application, it became apparent that a more sophisticated friction model was required. Threlfall [18] (5) where and are tunable parameters. A series of open loop tests were conducted to tune the friction model [17] . Fig. 1 provides the block diagram for the hybrid force/velocity PI controller as applied to the gantry robot. The hybrid controller is made up of four controllers that use error in the joint space and two coordinate transformers; one transforms the error in the contact force ( n f ) and tangential velocity ( t v ) from task space to joint space and the other transforms measured contact forces ( x f , z f ) and measured velocities ( x v , z v ) from joint space to task space. Thus, there are two velocity controllers plus two force controllers for both the x and z-axes.
RESULTS WITH PPC VALVES PI only Control
The four control laws are given as: Fig. 3 illustrate the experimental and simulation results, when tracking a straight edge. Fig. 2 illustrates the six phases of the operational test: a) 0 to 7 sec initialization with no contact and no motion (visible drift in experiment for this phase is due to set-up issues with the apparatus), b) 7 to 15 sec end effector approaches and contacts workpiece with 10 N force setpoint, c) 15 to 25 sec setpoint increased to 30 N, d) 20 to 30 sec motion initiated with 0.06 m/s velocity setpoint, e) 30 to 35 sec motion terminated and force setpoint reduced to 10 N and finally f) apparatus returned to initial condition. Fig. 3 gives a close-up of the constant velocity stage as the important stage for the operational test. The good match between the experimental and simulation results serves to validate the system model.
PI Control with NN Compensator
In [17] a NN compensator was added to correct for the system lag and friction effects. Fig. 4 shows the block diagram of the NN+PI force/velocity controller. Two types of compensators were studied. The first was the Extended Back Propagation (EBP) algorithm NN which is a multilayer NN with modified sigmoidal nodes functions as described in [19] . The second was a multilayer sigmoidal NN with a Modified Back Propagation (MBP) algorithm based on the multilayer NN described in [20] . More complete details on how the EBP and MBP NN's were implemented can be found in [17] . Both NN's were dynamic (weights updated online), with 3 layers and initially 14 nodes. It was found that the number of nodes could be reduced to 5.
It was concluded that the MBP NN was better than the EBP NN. For perspective with the current results, Fig. 5 and Fig. 6 show the response with the MBP NN+PI controller. There is significant improvement in tracking performance with this NN, in terms of the quality of the regulation of the contact force. It should be noted that these are results by simulation. 
RESULTS WITH PFC VALVES
As stated earlier, even with perfect friction compensation, the system lag is the limiting factor to further improvement in performance. The relative slow response time of the PPC valves (40 msec) was one component of the system lag. Another problem with the PPC valves was that they were unidirectional, which meant they controlled the pressure of the air flow thorough only one of the valve's output ports. As a result, the valves could only control the pressure of one side of their respective cylinders.
In order to improve the system response time, the PPC valves were replaced with PFC valves. The PFC valves were bidirectional and could control the air flow though the two outputs of the valve's ports and thus control the pressure at both ends of their cylinders. The PFC valves also had better response times (8 msec) .
With the use of the PFC valves there was a need to retune the PI controllers with procedures similar to those presented in [10] . Table 1 summarizes the adopted controller gains. When using PFC valves in motion control it is very important to let the system reach the steady state before reporting performances of different control algorithms [21] . The steady state was achieved by repeating the contour tracking cycle. Fig. 7 shows the tracking responses for three cycles. One notes that the system reaches near steady state after the first cycle. Fig. 8 is a zoom of the last tracking cycle in Fig. 7. Fig. 9 gives the result for curved edge tracking and can be compared directly with Fig. 8 . Table 2 and Table 3 provide quantitative measures of the performance of the controllers, for both straight and curved edge workpieces, respectively. Tracking performance is given by the root-mean-squared-error (rmse) and maximum error (maxe) of n f and t v . The rmse is defined as:
where N is the number of samples. For the PI only controller, the tracking performance with the straight and curved edge workpieces (Case 2 and 7 in Table 2 and  Table 3 , respectively) is comparable to the performance achieved with a more sophisticated controller on an electrically actuated robot (Case 1 and 6, respectively as taken from [6] ). This result confirms the potential of pneumatically actuated robots in force control applications. It also highlights the ability of a traditional fixed gain PI controller to match the performance of a modern controller, when properly tuned and operated under appropriate operating conditions. The validity of the system model is confirmed by the good match between the experimental and simulation results for both the straight edge workpiece (Case 2 versus Case 3) and the curved edge workpiece (Case 7 versus Case 8). The superiority of the MBP NN+PI controller, relative to PI only controllers is confirmed by the results of Cases 3 and 4 for the straight edge, and Cases 8 and 9 for the curved edge workpieces (all with PPC valves). The improvement in performance for force regulation for MBP NN+PI over PI only as measured by the rmse and maxe of f n was 73% and 40%, respectively, for the straight edge workpiece. For the curved edge workpiece, the improvement in performance was 62% and 50%, respectively.
The improvement in performance for force regulation for PI only with PFC valves over PI with PPC valves as measured by the rmse and maxe of f n was 30% and 29% (Cases 5 and 2), respectively, for the straight edge workpiece. For the curved edge workpiece the improvement in performance was 42% and 39% (Cases 10 and 7), respectively. Even though the improvement in performance with PI only with the PFC valves was less than that achieved with MBP NN + PI with PPC valves, the improvement was still significant (30%) and more importantly, was achieved with less design effort and a shorter tuning time.
CONCLUSIONS
The application of a pneumatic gantry robot to contour tracking was examined. A previous study found that performance of a hybrid controller was limited by system lag and Coulomb friction. A NN compensator was implemented to counter both effects. Tracking results were presented to demonstrate the effectiveness of the NN compensator. Designing and tuning the NN compensator was not an easy. As an alternative, the PPC valves were replaced with PFC valves. Due to the better response time and the bidirectional nature of the PFC valves the tracking performance was improved significantly compared to the results with PPC valves. Future work will stury the effect of implementing the NN compensator with the PFC valves. This is considered a good example of hardware versus software solutions to a control problem. The MBP NN+PI controller is a software solution to a "poor" hardware design (PPC valves). The switch to PFC valves is a hardware solution to a "poor" controller design (PI control). In other words, the designer has to tradeoff the extra expense of the PFC valves with the extra expense associated with the tuning of a more sophisticated controller. 
